Abstract-Robots that exploit their embodiment promise to be more robust, energy-efficient, and adaptable. However, the majority of systems designed in this way are only capable of exploiting their embodiment when performing a single task in a single environment. For such robots to be capable of adapting to a range of tasks or environments, they must be capable of adjusting their morphology online and have an understanding of how adjustments in both control and morphology affect their behavior. We introduce the concept of the control-morphology (CM) space and the variable stiffness swimmer, a multisegment pendular robot with adaptive joint stiffness. This system allows us to perform an initial investigation into how navigating the CM space affects the behavior of a robot. We show that the behavior of the system is not only the result of selecting a particular location within the CM space, but also the route taken to arrive at that point. We also demonstrate locations within the space where a shift in behavior can be caused entirely by smooth online changes in morphology.
. The control-morphology space. The space defined by the control and morphology parameters can be partitioned into a number of behaviours. Traditional robot design picks a particular point on the morphology axis and then explores the control-space (For example, path A). The opposite approach, of fixing a control input and exploring morphology (path B) has recently been explored by Corruci et al. [1] , [2] . To fully utilise all possible behaviours in the control-morphology space, it is likely to be necessary to make adjustments in both control and morphology parameters (path C).
morphology. Examples include dynamic walkers [11] , [12] and universal grippers [13] .
Since both control and morphology affect behaviour, we can define a joint space, which we refer to as the control-morphology (CM) space [See Fig. 1 ]. If we have N control parameters and M morphology parameters, the resulting CM space will have dimension M + N . The CM space of a system can be divided into a number of regions, with each region corresponding to a distinct behaviour. Changes in control or morphology parameters which do not cross a behavioural boundary, lead to changes in performance, but do not alter the overall behaviour. For example, a running robot will continue to run, albeit with increased speed or reduced stability. Alternatively, a change in parameters which crosses a boundary leads to a qualitative change in behavioural mode. For example, a running robot may begin to walk or hop.
If a system has the ability to vary a property of its morphology, it is reasonable to ask whether that property should still be considered a part of the robot morphology, or whether it should now be considered a part of the control system. In this work, we argue that such properties can be classified based upon how frequently they are changed. We argue that a typical control system will have a characteristic frequency, at which it updates 2377-3766 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the variables it is responsible for. Variables which are updated at a much lower frequency may be considered properties of the morphology. For example, in a standard PD control system, we would consider the demanded torque to be a control variable, but the control gains would be considered part of the morphology. On the other hand, in an optimal control approach, in which the gains may be scheduled at a rate comparable to the motor torques, these properties would both be considered control parameters. To achieve autonomy, robotic systems must be capable of optimising behaviours for a particular task and environment, switching between multiple behaviours in response to a change in task, or maintaining a particular behaviour in response to a changing environment. The classical control approach, in which a single morphology is used for multiple tasks often requires significant complexity in the controller. Introducing additional degrees of freedom into the problem may appear to only increase the complexity of the problem. However, as these properties will only be updated infrequently, we argue that it is possible that the complexity of the controller can in fact be reduced if morphology is adapted in such a way that the natural dynamics of the system become more suitable for the task [14] , [15] . Furthermore, it may be that a change in behaviour is achieved more elegantly or efficiently by an adjustment of morphology, rather than a change in controller. Similarly, maintenance of a particular behaviour in a changing environment may be more easily achieved via adjustments in morphology than in control parameters.
For robots to be given the ability to navigate the controlmorphology space they must have the capacity to adapt their morphology on-line. Furthermore, they must have a higher level behavioural controller which understands how following a particular route through the control-morphology space will affect behaviour. The high dimensionality and complex structure of this space makes understanding it a challenge, further complicated by the fact that this space will change with changes in environment. Our approach here is to consider the CM space for a simple system in a single environment as a starting point.
In this letter, we explore the control-morphology space for an under-actuated multi-segment eel-like robot. We show that this simple system has multiple behaviours, and that these behaviours are a result of a particular choice of control and morphology parameters. We show that the behaviour of the system depends not only on the choice of these parameters, but the route through control-morphology space to reach them. Finally, we show that the system is capable of switching its behaviour on-line via smooth changes in morphology only.
There are a large number of similar multi-link pendular robots already reported in the literature [16] [17] [18] . Many of these robots use a servo motor at each joint. These systems approach the problem from the viewpoint of classical control and do not exploit the dynamics of the body-environment interaction. More closely related are the investigations of fish locomotion that utilise passive foils [19] . These studies have investigated the role of joint stiffness, however their approach is from a viewpoint of understanding the biomechanics of fish, rather than an investigation of the behavioural possibilities of a robotic system. Most closely related to this work is Wanda, the passive swimming robot [20] , [21] . Wanda has been used to investigate behaviour optimisation via changes in morphology, but not the possibility of qualitative changes in behaviour. Finally, Corucci et al. [1] , [2] have explored changing behaviour via changes in morphology alone (See Fig. 1, pathway B) . In this work, a control input was fixed and a genetic algorithm was used to explore the morphology-behaviour space of an underwater legged robot.
On the control theory side, there are a number of approaches which optimise certain properties of the morphology of a system. These can broadly be divided into two categories. Firstly, there are methods which aim to optimise certain parameters of the morphology prior to the construction of the robot ( [29] ). These parameter values are likely to lose their optimality if the task or environment is changed. Secondly, there are approaches such as variable impedance control [22] , [23] , which take a morphology parameter and turn it into a controlled degree of freedom ( [24] , [25] ). In these cases, the adaptation of morphology can lead to significantly more energy-efficient and safer behaviour, at the expense of increasing the complexity of the control problem.
This letter proceeds by first introducing the variable stiffness swimmer (VSS), an under-actuated swimming robot with adaptive joint stiffness. We present an overview of the mechanical design and characterise the ability to adjust joint stiffness. Next, we show that the behaviour of the system is affected by both the control parameters and morphology. We identify a number of behaviours and the transition points between these behaviours in control space. Finally, we investigate how we can change behaviour by navigating the CM space and show that there are certain regions in which changes in morphology alone are enough to cause qualitative changes in behaviour and that the behaviour of a system depends not only upon our final destination in CM space, but also the route taken to get there. We end with a discussion of the benefits of understanding the CM space for a robotic system and further areas for investigation.
II. THE VARIABLE STIFFNESS SWIMMER
The variable stiffness swimmer (VSS) is an eel-inspired swimming robot. It is a four-link pendulum with torsional springs at each joint. The top module is sinusoidally driven at a specified frequency ( f ) and amplitude (A) by a servo motor (Dynamixel AX-12A, Robotis, South Korea), with the remaining modules passive. A stiffness adjustment mechanism is attached to each joint, enabling dynamic adjustment of joint compliance. Joint position is measured by a hall-effect sensor (Melexis MLX90316KDC, Mouser Electronics), mounted directly above the joint axis. Fig. 2 shows the assembled robot.
A. Stiffness Adjustment
Joint stiffness is controlled by an adapted version of the MAC-CEPA [26] mechanism. Fig. 3 shows an overview of this mechanism. Stiffness of the link is controlled by adjusting the pretension P on the spring (K spring = 0.39 N mm , LEM080CF 02S, Lee Springs, UK) via an embedded servo motor. The joint stiffness [26] . A spring attached between the two links provides a restoring force if the two links are not parallel to each other. By increasing the pre-tensioning force on the spring, the stiffness of the joint can be adjusted.
can be approximated by the expression:
where B and C represent the dimensions specified in Fig. 3 . Fig. 4 shows the construction of a single segment of the VSS with the MACCEPA mechanism visible.
B. Characterization of Stiffness Change
In order to assess the range of joint stiffnesses achievable by our system, we measured the relationship between restoring torque and angle for a number of spring pre-tensions. Joint angle was measured by the integrated hall-effect sensor, while torque was measured with a load cell (Vishay Tedea Huntleigh 1022, USA). We define relative pretension as: 
III. RESULTS
In order to understand the control-morphology space of the VSS, we investigate how its behaviour is affected by both control inputs (driving frequency, f , and amplitude, A) and morphology (in this context, the joint stiffnesses,
To fully assess the impact of such changes, we would need to investigate how they affect ecologically significant properties such as swimming speed or energy efficiency. However, as the preliminary behavioural assessment is performed in air with the system fixed to rigid frame, it is necessary to identify summary statistics which we believe are related to these performance metrics.
We follow Ziegler et al. [27] in using the kinematic intensity as representative statistics of the system's behaviour. The kinematic intensity (KI) is the magnitude of the difference between the maximum and minimum value of a particular variable over a single cycle.
For the VSS, we consider the mean kinematic intensity of the angles between each joint as the Lighthill model of fish locomotion [28] suggests these have a strong influence on swimming velocity. In the case of the final link, this corresponds to the tail beat angle.
In all experiments, we drive the system in air with a sinusoidal control input given by φ 0 = Asin(2π f t), where φ 0 represents the angle between the head and the body. The servo is fixed to a rigid frame meaning that all energy is transferred to the body of the VSS. Joint stiffnesses K i are varied from 0.03
In total, this means our CM space is 5-dimensional < f, A, K 1 , K 2 , K 3 >. We begin by analysing the frequency response of the system in its most compliant state (exploring in a manner equivalent to path A in Fig. 1 ). This yields a number of fundamental behaviours. Next, we show that for certain fixed control inputs, the choice of morphology determines the resulting behaviour (exploring in a manner equivalent to path B in Fig. 1 ). Finally, we show that on-line changes in morphology can be used to drive a change in behavioural mode and investigate routes through the CM space.
A. Control-Behaviour-Space
Visual observation of the VSS suggests that it has four distinct behavioural modes, each with a characteristic body shape. Fig. 6 shows time domain plots of the joint angles alongside keyframes for each mode. We confirm these modes quantitatively by observing that each has a characteristic set of phase relationships between joints. We also note that the transitions between modes occur at frequencies which maximise or minimise the frequency response. Fig. 7 shows the frequency response of the VSS in its most compliant state with a driving amplitude of 5 degrees. At the smallest amplitude and low frequencies (mode 1), the system behaves as a double pendulum around the first joint, with the three body joints in phase with each other. This behaviour has a resonant peak at 1 Hz. Increasing the frequency to 2.3 Hz causes a transition to a second mode (mode 2) in which the bottom two links now oscillate in-phase with the head, while the first body links remains out of phase. This increase in frequency also leads to a significant increase in tail-beat intensity. Further increasing the frequency causes a transition to a third mode (mode 3), in which the middle body link is in phase with the first link and out of phase with the final body link. Finally, further increasing the frequency causes the system to transition to a fourth mode (mode 4) where the phase alternates between each link. The frequency response analysis was then repeated at driving amplitudes of 9, 12, 15 and 19 degrees. Fig. 8 shows the control space of the VSS partitioned into the four behavioural modes. Table I summarises the transition frequencies. In general, increasing the driving amplitude slightly reduces the transition frequencies. For the transitions between higher modes ( f 2→3 , f 3→4 ), the amplitude dependence diminishes above 12 degrees. Transitions frequencies for the higher modes at the largest amplitude were not found due to over-heating of the servo-motor.
B. The Effect of Morphology
The investigation of the influence of changes in control parameters on behaviour above has identified 4 behaviour modes and three key points: the (frequency, amplitude) tuples at which the system transitions between modes. These points represent landmarks in the control-morphology space. To understand the influence of morphology, we repeated the frequency analysis above at a range of morphologies (i.e joint stiffnesses). We drove the system at a driving frequency of 15 degrees. We considered stiffening of each joint individually (K 1 , K 2 , K 3 ), and stiffening of multiple joints simultaneously (K 1+2+3 ). Each joint is tested at stiffnesses 0.03, 0.035, 0.04, 0.045 and 0.05. The largest value of joint stiffness is not tested in order to prevent damage to the MACEPPA motor. Fig. 9 shows the transition frequencies ( f 1→2 , f 2→3 , and f 3→4 ) against both individual and simultaneous increases in joint stiffness. In all cases, increasing joint stiffness has a small effect on the transition frequency f 1→2 , and a greater effect on the transition frequency f 3→4 . In the case of the transition between the second and third modes, f 2→3 , increasing the stiffness of joints 1 or 2 appears to decrease the transition frequency, while increasing stiffness of joint 3 increases the transition frequency. Interestingly, in the case of simultaneous increases in joint stiffness, f 2→3 increases, suggesting the influence of the third link's stiffness is stronger than that of the first two joints.
These results confirm that the behaviour of the VSS depends on both the influence of control and morphology parameters. Although the impact of the morphology is less than that of the control parameters, this is likely due to the smaller range of variation possible for morphology. Unlike biological systems which can adjust stiffness through several orders of magnitude, the VSS is limited to a far smaller range of stiffnesses (a factor of two).
C. On-Line Navigation of the Control-Morphology Space
Initial investigation of the control-morphology space of the VSS identified a number of locations where a shift in behavioural mode can be achieved by adjusting either frequency, driving amplitude or morphology of the system. However, in the previous experiments, the system was allowed to return to a resting state between episodes. In most real-world contexts, this is likely to be undesirable. Robotic systems should be capable of smoothly adjusting behaviour on-line. In this section, we show that the behaviour of a system is not just the result of a particular place within the CM space, but also depends on the route taken through it. Fig. 10 shows two routes through the CM-space. In the path (a), the system increases the amplitude (OA) of oscillation past the transition amplitude A 1→2 and enters behavioural mode 2. At this point, the system stiffens (AB) and then reduces the oscillation amplitude below the transition point (BC). However, the system remains in mode 2. In the second path [ Fig. 10(b) ], 10 . Two routes through the VSS CM space. In (a), the system increases oscillation amplitude (OA), transitioning to mode 2. The system then stiffens (AB) and decreases oscillation amplitude (BC), remaining in mode 2. In (b), the system stiffens (OC), increases oscillation amplitude (CB) and then reduces stiffness (BA). However, it remains in mode 1 throughout. the system stiffens (OC), increases oscillation amplitude (CB) above the transition point A 1→2 of the first path and then reduces stiffness. However, the system remains in mode 1 throughout. This demonstrates that the behaviour of a system is not just the result of a particular parameter setting, but also the path taken through the control-morphology space.
Although this hysteresis complicates our understanding of the control-morphology space, it may be a desirable property for such a system. Gait transitions such as walking to running incur an energetic cost. Thus it is important that a robotic system does not have a sharp transition point between gaits as this can lead to a form of chattering where the system alternates between nearby gaits. Furthermore, extreme points in the control-morphology space may optimise important metrics such as speed or efficiency. For example, the transition frequencies identified in the frequency analysis above match the resonant frequencies for their corresponding modes. The hysteresis in gait transitions allows the system to remain at these locations in control-morphology space without danger of transitioning to a different mode. 
D. Switching Behaviour With Morphology
We now show that it is possible to change behaviour on-line via changes in morphology only. Fig. 11 shows a time-domain plot of the VSS driven at a frequency of 2 Hz and an amplitude of 18 degrees. At T switch , the stiffness of the third joint is decreased from its 0.05
This shift causes the transition from mode 2 to mode 1. Supplementary materials S1 shows a video of the VSS transitioning in this manner.
IV. DISCUSSION & CONCLUSION
The behaviour of a robot can be adjusted by altering the parameters of its controller, morphology or both together. We have introduced the concept of the control-morphology space and the VSS as a platform for investigating this space.
We have demonstrated that the behaviour of a dynamic system is affected not only by its location within this space, but also by its route through the space. We have also shown that there are certain locations within this space where changes in morphology alone can switch behaviour.
In general, for a robotic system to be able to adaptively produce intelligent behaviours, it will require some degree of complexity. A key decision for the designer of a robotic system is how to distribute this complexity. The standard approach to building a robot places the majority of the complexity in the control and planning subsystems, with morphology generally kept simple. Embodied systems minimise control complexity, but in doing so sacrifice the ability to adapt their behaviour. The VSS has shown that adaptive morphology can allow embodied systems to adapt their behaviour in a qualitative manner. The added complexity inherent in this approach is two fold. Firstly, mechanisms which allow adaptation of morphology increase the complexity of the body. Furthermore, the high-dimensionality and path-dependence of behaviour demonstrated by the VSS suggests that the higher level behavioural controller will also need some degree of complexity.
The next target for the VSS is to investigate how movement through control-morphology space effects performance in terms of ecologically important measures such as swimming velocity and energy efficiency. Thus, the next steps for this work is to complete a thorough investigation of the controlmorphology space in air (considering for example, a greater range of anisotropic stiffnesses) and then proceed to investigate how changes in environment (for example fluids of varying viscosity and granular media of varying grain size) impact upon the features of the control-morphology space. Finally, we are using a simple model of the system to investigate metrics to for quantifying the cost of taking a particular route through control-morphology space. This will allow us to quantify the optimal route through the space to either force or prevent a shift in behaviour as the environment changes.
ACKNOWLEDGMENT
All data in the paper is available on the University of Bristol's research database, data.bris.ac.uk/data under the DOI: 10.1109/LRA.2018.2807591.
